Introduction {#sec1}
============

Next-generation sequencing technology has greatly advanced the discovery of pathogenic mutations in humans. Consequently, the therapeutic approaches have become the focus of modern human genetic research. Gene therapy has been considered as the most desirable strategy for repairing pathogenic mutations in human genetic diseases. Unfortunately, it was very difficult to correct these pathogenic mutations until the arrival of the revolutionary CRISPR/Cas9 technology.[@bib1], [@bib2], [@bib3], [@bib4] Nevertheless, it is of great concern that CRISPR targeting is uncontrollable with insertion or deletion (indel) mutations.[@bib5] A cytosine base editor (BE3/BE4) opens the potential of gene therapy by precise base editing in different species, including plant[@bib6] and mouse,[@bib7] and even in humans.[@bib8], [@bib9], [@bib10] However, its potential is limited by the fact that CBEs (cytosine base editors) only convert the C to T and possibly induce off-target by using APOBEC.[@bib11], [@bib12] A recently developed adenine base editor (ABE) system that converts A to G with the action of an engineered adenine deaminase ecTadA provides us another possible precise tool for gene therapy.[@bib13], [@bib14] To demonstrate its feasibility, here we aimed to characterize the effectiveness of the ABE in human embryos.

Results {#sec2}
=======

The ABE System Exhibits Efficient Editing at Desirable Sites in HEK293T Cells {#sec2.1}
-----------------------------------------------------------------------------

To comprehensively analyze the characteristics of the ABE system in human embryos, we produced the A-to-G mutation in human cells and embryos using ABE7.10. Five genes, *TTR*,[@bib15] *ALDOB*,[@bib16] *COL9A2*,[@bib17] *KCNJ11*,[@bib18] and *RPE65*,[@bib19] which had been reported to have pathogenic A-to-G point mutations, were selected ([Figure S1](#mmc1){ref-type="supplementary-material"}A). We first tested the editing of these genes with the ABE system in HEK293T cells. At 3 days after transfection of ABE7.10 with the corresponding single guide RNAs (sgRNAs) targeting these five genes individually, the genomic DNA sample was extracted from the transfected HEK293T cells, and it was used as the template to amplify the target regions by PCR. The PCR product was subjected to Sanger sequencing.

As expected, double A and double G peaks were observed in the sequencing chromatogram ([Figure S1](#mmc1){ref-type="supplementary-material"}B), indicating the successful A-to-G editing of the targeted sites. Then, we further calculated the base editing efficiency for each target A site based on three independent experiments, by using the EditR software (<https://moriaritylab.shinyapps.io/editr_v10/>). The results showed that successful base editing was achieved at all targeted sites, but with different editing efficiencies ([Figure S1](#mmc1){ref-type="supplementary-material"}C). The A-to-G conversions were further confirmed for two target sites with the highest editing efficiencies, the A~6~ of *TTR* (editing efficiency, 75%) and the A~4~ of *RPE65* (editing efficiency, 71%), by sequencing the PCR product derived from these two genomic DNA samples after the TA cloning ([Figure S1](#mmc1){ref-type="supplementary-material"}D). It is worth noting that, besides the base editing at the desirable sites, the A~3~ for *TTR* and the A~2~ for *RPE65* were also edited with an efficiency of about 15% (3 in 20 clones) and 12% (2 in 17 clones), respectively. Taken together, the pathogenic A-to-G mutations of the selected genes had been successfully achieved by the ABE system in HEK293T cells.

The ABE System Efficiently Converts A to G in Discarded Human Tripronuclear Embryos {#sec2.2}
-----------------------------------------------------------------------------------

Then, we tested the ABE in discarded human tripronuclear embryos. First, two reported sgRNAs targeting *SITE2* and *SITE6*,[@bib13] each together with mRNA of ABE7.10, were microinjected into the human tripronuclear embryos as described previously.[@bib9] 3 days later, 12 embryos for each site were obtained for genotyping by Sanger sequencing of the PCR product ([Table 1](#tbl1){ref-type="table"}). The editing efficiency was calculated by using EditR ([Table S1](#mmc1){ref-type="supplementary-material"}). The results showed that the A~7~ of *SITE6* was efficiently edited in all embryos. Meanwhile, A~3~ editing was observed at *SITE6* in some embryos (6, 8, and 9). For *SITE2*, A~5~ was efficiently edited in all samples, and A~2~ editing and A~8~ editing were also detected in several embryos (21 and 22). Notably, editing occurred in most of the *SITE2* samples (92%) at an efficiency of more than 80% ([Table 1](#tbl1){ref-type="table"}).Table 1Summary of the Used Embryos Edited with ABESerial Number of InjectionUsed sgRNAEdited EmbryoBlastomereNumberEfficiency \>50%Efficiency \>80%Number2 Edited Alleles3 Edited AllelesNumber (%)Number (%)Number (%)Number (%)1*SITE6*127 (58)3 (25)NA2*SITE2*1212 (100)11 (92)NA3*ALDOB*70 (0)0 (0)NA4*COL9A2*76 (86)4 (57)NA5*KCNJ11*70 (0)0 (0)NA6*TTR*1212 (100)10 (83)NA7*RPE65*106 (60)0 (0)NA8*TTR + RPE65TTR*1010 (100)9 (90)NA*RPE65*109 (90)5 (50)NA9*TTR*6----4846 (96)37 (77)[^2]

To further test the base conversion efficiency, the DNA samples targeting *SITE6* in five embryos (5--7, 9, and 12) and targeting *SITE2* in five other embryos (13, 14, and 17--19) were randomly selected for deep sequencing ([Table S1](#mmc1){ref-type="supplementary-material"}). Then, the editing efficiency was measured for all As 10 bp upstream of the sgRNA target region as well as within the sgRNA region. We consistently observed that the A~5~ of *SITE2* and the A~7~ of *SITE6* were edited with the highest efficiencies. In addition, low levels of editing were observed at the A~8~ and the A~2~ of *SITE2* and the A~3~ of *SITE6* ([Figure 1](#fig1){ref-type="fig"}A). No editing occurred at any other sites. Taken together, we achieved efficient A-to-G editing in human embryos with ABE7.10.Figure 1Generation of Specific Pathogenic Point Mutations in Human Tripronuclear Embryos Using the ABE System(A) Analysis of the ABE-mediated A-to-G editing of the reported sites in human embryos by deep sequencing. Two reported sites (SITE2 and SITE6) were selected to test the A-to-G editing in human tripronuclear embryos. The editing of all A sites 10 bp upstream of the sgRNA and within the sgRNA was analyzed by deep sequencing. Data of the detected embryos described in [Table S1](#mmc1){ref-type="supplementary-material"} are shown as the mean ± SD (n = 5). (B) Analysis of ABE-mediated A-to-G editing of the novel sites in human embryos by deep sequencing. Two novel sites, *TTR* and *RPE65*, were selected for A-to-G editing in human tripronuclear embryos. The editing of all the A sites 10 bp upstream and within the sgRNA was analyzed by deep sequencing. Data of the detected embryos described in [Table S1](#mmc1){ref-type="supplementary-material"} are shown as the mean ± SD (n = 5). (C) Characterization of the ABE-mediated A-to-G substitution at different positions in human tripronuclear embryos. (D) Analysis of different adenine substitutions of the target sites. The positions with most efficient editing of the 4 target sites were selected for analysis.

Furthermore, the editing at *TTR* and *RPE65* was tested in 12 and 10 respective human tripronuclear embryos, as described above ([Table 1](#tbl1){ref-type="table"}). Sanger sequencing of the PCR product showed that the A-to-G conversion occurred in most of the embryos at the pathogenic mutation sites with A~6~ for *TTR* and A~4~ for *RPE65*, respectively ([Table S1](#mmc1){ref-type="supplementary-material"}). Similarly, some embryos (embryos 47--49, 51, and 53 for *TTR* and embryos 58, 60, and 64--66 for *RPE65*) were randomly selected for deep sequencing to further characterize the editing efficiencies and specificities. We consistently observed efficient editing at the A~6~ of *TTR* and the A~4~ of *RPE65*. Low levels of editing were observed at the A~3~ of *TTR* and the A~2~ of *RPE65* ([Figure 1](#fig1){ref-type="fig"}B). Based on the deep sequencing results of the above 4 target sites, ABE induces the best base editing efficiencies at the positions 4--7 of the protospacer region in human embryos ([Figure 1](#fig1){ref-type="fig"}C). Editing at A~3~ was also observed, as has been reported before.[@bib13] Meanwhile, we also analyzed the fractions of adenine substitutions for the efficiently edited sites of *SITE2*, *SITE6*, *TTR*, and *RPE65*. Indeed, almost all of the conversions were A to G ([Figure 1](#fig1){ref-type="fig"}D), indicating that the ABE system produces highly pure products in human embryos. We also analyzed the indels for *TTR* and *RPE65* and, as expected, no indel was detected ([Figure S2](#mmc1){ref-type="supplementary-material"}).

Sometimes it is necessary to model multiple pathogenic mutations, so we tried to simultaneously edit multiple sites by ABE. Similar to what was described in BE3-mediated multiple C-to-T conversions,[@bib9] we simultaneously microinjected two sgRNAs, *TTR* and *RPE65*, into 10 embryos ([Table S1](#mmc1){ref-type="supplementary-material"}). After sequencing, the editing efficiencies at the desirable A~6~ of *TTR* and A~4~ for *RPE65* were 91% and 70%, respectively ([Figure S3](#mmc1){ref-type="supplementary-material"}A). To further characterize the editing efficiencies of multiple sites in human embryos, five embryos (70, 72, 74, 76, and 77) were randomly selected for deep sequencing. Analysis of the deep sequencing data showed that simultaneous editing by ABE produces similar editing efficiencies and patterns at both *TTR* and *RPE65* ([Figure S3](#mmc1){ref-type="supplementary-material"}B), suggesting that the ABE system could be used to manipulate multiple pathogenic point mutations with high efficiency and accuracy.

The Editing Characteristic in Embryos Is Different from that in 293T Cells for Some Sites {#sec2.3}
-----------------------------------------------------------------------------------------

Next, three targets, *ALDOB*, *COL9A2*, and *KCNJ11*, with poor editing in HEK293T cells were tested for the editing efficiencies in human embryos. Each sgRNA together with mRNA of ABE7.10 was microinjected into 7 tripronuclear embryos, respectively ([Table 1](#tbl1){ref-type="table"}). We found the sgRNAs of *ALDOB* and *KCNJ11* still gave rise to low base conversion efficiencies in human tripronuclear embryos, similar to those observed in HEK293T cells ([Figure S4](#mmc1){ref-type="supplementary-material"}). However, *COL9A2* showed highly efficient editing at A~8~ in human tripronuclear embryos ([Figure 2](#fig2){ref-type="fig"}A), which was hardly detectable in HEK293T cells ([Figure S1](#mmc1){ref-type="supplementary-material"}C), indicating the differences of ABE-mediated base editing between cells and embryos. Moreover, we found 2 other sites (*BCS1L-1* and *BCS1L-2* sites) using the ABE-NG system that recognized the non-NGG protospacer adjacent motif (PAM) sequences ([Figure 2](#fig2){ref-type="fig"}B). The analysis confirmed the differences of ABE-mediated base editing between cells and embryos ([Figures 2](#fig2){ref-type="fig"}C and 2D).Figure 2The Editing Characteristic in Embryos Is Different from that in 293T Cells(A) The editing efficiency of A6 and A8 for the COL9A2 gene in embryos was calculated. Data from three independent experiments are shown as means ± SD. (B) Two target sequences that contained the GGA or AGT PAM were edited using ABE-NG. The representative chromatograms of the Sanger sequencing of target sites from genomic DNA of HEK293T cells (top) and human tripronuclear embryos (bottom) are shown. The red star indicates the pathogenic point. (C) The A4 and A7 sites for the BCS1L-1 gene site were calculated by EditR software via Sanger sequencing of the PCR products derived from the target sites. Data are shown as the mean ± SD (n = 3). The A5 and A7 sites for the BCS1L-2 gene site were calculated with the same method. (D) The ratios of editing efficiency for different points of the three gene sites were calculated using the previous data.

Analysis of Blastomeres for TTR-Edited Embryos {#sec2.4}
----------------------------------------------

As described above, deep sequencing analysis proves the efficiency and product purity of ABE-mediated base editing in human embryos. This suggests that there is only a low level of other kinds of genotypes in ABE-mediated base editing. To further address this concern, we performed the genotyping analysis for every single blastomere of the edited embryos ([Figure 3](#fig3){ref-type="fig"}A). The blastomeres collected from 6 *TTR*-edited embryos were used for genotyping ([Figure 3](#fig3){ref-type="fig"}B). The results showed that the base substitutions occurred at pathogenic A~6~ with nearly perfect efficiencies for three *TTR* alleles in every triploid blastomere of the edited embryos (78, 95%; 79, 96%; 80, 80%; 81, 100%; 82, 87%; and 83, 89%) ([Figure 3](#fig3){ref-type="fig"}C), indicating the ABE-mediated base editing in human embryos is controllable.Figure 3Analysis of ABE-Mediated Base Editing of the *TTR* Gene in Blastomeres(A) Schematic illustration of the experimental procedure for analysis of ABE-mediated base editing in triploid blastomeres. A6 in the target sites was detected. Each string presents one allele in the tripronuclear embryos. The black triangle means adenine and the red triangle means guanine. The genotype was calculated via Sanger sequencing of the target sites. (B) Six embryos for the *TTR* gene were divided into triploid blastomeres. Each box indicates one embryo. The black triangle means adenine and the red triangle means guanine. (C) Summary of the alleles with the edited A~6~ site in triploid blastomeres.

Off-Target Analysis by Deep Sequencing and Whole-Genome Sequencing {#sec2.5}
------------------------------------------------------------------

Another concern about genome editing is the off-target base editing.[@bib20] To explore the off-target edited sites of ABE in human embryos, the potential off-target sites of the sgRNAs for *TTR* and *RPE65* were predicted by using three different available tools.[@bib21], [@bib22], [@bib23] In total, there were 21 predicted potential off-target sites of the *TTR* sgRNA ([Table S2](#mmc1){ref-type="supplementary-material"}) and 23 off-target sites of the *RPE65* sgRNA ([Table S3](#mmc1){ref-type="supplementary-material"}). Then, 10 edited embryos (68--77) were used for the detection of the off-target sites, with 5 embryos injected with the ABE mRNA and the scramble sgRNA as the control. The PCR products of all edited embryos were mixed with an equal amount of DNA for each embryo and subjected to deep sequencing. The results showed that there were no obviously detectable off-target sites ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Off-Target Site Analysis(A) Totals of 23 off-target sites for *RPE65* (top) and 21 off-target sites for *TTR* (bottom) were selected. The off-target frequencies were calculated by deep sequencing. The adenine sites within the positions of 2--8 of sgRNA were examined for off-target frequencies. (B) Whole-genome-wide sequencing analysis was conducted for two control embryos and two edited embryos.

To further demonstrate the fidelity of ABE-mediated base editing in human embryos, we performed whole-genome sequencing (WGS) on genomic DNA isolated from 2 control embryos, TTR-53 and RPE65-65, at the depth of 30--40×. Totals of 237,605 sites for RPE65 and 536,022 sites for TTR, with up to 5-bp mismatches and equal or less than one DNA or RNA bulge in the sgRNA-targeting region, were analyzed. After excluding the false-positive sites depending on The Single Nucleotide Polymorphism Databases (dbSNPs), the mutation frequency of A or T didn't seem to increase significantly, and no off-target was uniquely assigned to both tested samples ([Figure 4](#fig4){ref-type="fig"}B). These results indicated that ABE can mediate precise base editing with high efficiency and fidelity in human embryos.

Discussion {#sec3}
==========

For human genetic diseases, gene therapy has become an ideal alternative strategy to prevent the germline transmission of the founder mutations. To date, there are about 10,000 reported monogenic inherited mutations that may be generated by precise gene-editing technologies. Previously, we have reported the success to precisely convert C to T in human embryos by using a cytosine base editor. However, nearly 50% of pathogenic point mutations were caused by G-to-A conversion instead.[@bib13] The newly developed ABE, which converts A to G, provides a potential tool for creating these pathogenic mutations. To test its potential, we performed the ABE-mediated A-to-G editing by microinjection of ABE mRNA together with target sgRNA. As expected, we observed efficient ABE-mediated A-to-G conversion.

Off-target is rare with base editors.[@bib5] Indeed, A or T mutations didn't increase significantly, and no obvious off-target sites were observed in the edited human embryos by ABE based on thorough deep sequencing and whole-genome sequencing analysis, further evidence for BEs as the safe genome editors.[@bib24] More interestingly, no other base conversions (A to C or A to T) were induced by ABE, although there was low level of A-to-G conversion at the undesirable sites. This kind of undesirable A-to-G conversion may be prevented by other means, such as the use of different sgRNAs or Cas9. It is worth noting that the ABE-mediated editing showed different editing patterns between HEK293T cells and human embryos for some sites, indicating different specificity of ABE-mediated editing *in vivo* compared with that in cells. We found 77% (37/48) of the blastomeres harbored the same base conversion at the pathogenic site ([Table 1](#tbl1){ref-type="table"}); no other genotype was found, suggesting that ABE-mediated editing is more controllable. Nevertheless, whether a ribonucleoprotein (RNP) system and metaphase II (MII) oocyte injection can further increase the efficiency of base editing need to be tested.[@bib25]

In summary, we successfully achieved and characterized the ABE-mediated editing in human embryos. The results demonstrated that ABE-mediated base editing was efficient and precise, providing a novel strategy for modeling and correcting the pathogenic G-to-A point mutation.

Materials and Methods {#sec4}
=====================

Discarded Human Tripronuclear Zygotes {#sec4.1}
-------------------------------------

The study was approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou Medical University. All of the used tripronuclear zygotes were donated by the patients undergoing *in vitro* fertilization (IVF) treatment at the Center for Reproductive Medicine of the hospital. The patients signed the informed consent before sample collection.

Plasmid Construction and *In Vitro* Transcription {#sec4.2}
-------------------------------------------------

The sequence of ABE7.10 was synthesized and cloned into mammal expression plasmid with cytomegalovirus (CMV) or T7 promoter. We replaced the puromycin element of pGL3-U6-sgRNA-phosphoglycerate kinase (PGK)-puromycin (Addgene, 51133) with the GFP sequence to produce the pGL3-U6-sgRNA-PGK-GFP plasmid. The oligos for the used sgRNAs were synthesized and respectively cloned into the pGL3-U6-sgRNA-PGK-GFP vector and pUC57-sgRNA expression vector (Addgene, 51132). All of the plasmids were extracted and quantified with Nanodrop 2000. The pGL3-U6-sgRNA-PGK-GFP plasmids were used to transfect into the HEK293T cells. The pUC57-sgRNA plasmids were used as the template for *in vitro* transcription. The ABE was transcribed *in vitro* according to the reported protocol.[@bib9] Briefly, the plasmid was digested using BbsI and then was purified using a PCR clean-up kit (Axygene, AP-PCR-250). The linearized plasmid was used as the template to generate the mRNA transcript. The sgRNA was transcribed according to the reported protocol.[@bib9] The concentration of the transcribed RNA was measured with Nanodrop 2000, and the RNA samples were stored at −80°C before use for microinjection.

Cell Culture, Transfection, and Identification {#sec4.3}
----------------------------------------------

HEK293T cells were maintained in DMEM-high glucose (HyClone, SH30243.01) with 10% fetal bovine serum (FBS) (v/v) (Gemini, 900-108). The ABE plasmid was transfected into the HEK293T cells with the corresponding sgRNA expression plasmid by using Lipofectamine 2000 reagent (Life Technologies), according to the manufacturer's suggested protocols. 3 days later, 50,000 GFP-positive cells were sorted using flow cytometry. The collected cells were lysed in the buffer containing 50 mM KCl, 1.5 mM MgCl~2~, 10 mM Tris (pH 8.0), 0.5% Nonidet P-40, 0.5% Tween 20, and 100 μg/mL protease K at 65°C for 30 min. Then, the samples were heated at 98°C for 3 min. The target sequences were amplified and sequenced using the primers corresponding to each target gene ([Table S4](#mmc1){ref-type="supplementary-material"}).

Embryo Injection and Culture {#sec4.4}
----------------------------

The tripronuclear zygotes were picked after 16--18 h of IVF under microscope. The RNA solution was diluted at the concentration of 100 ng/μL for ABE-generated mRNA and 50 ng/μL for sgRNA. The procedure for microinjection was the same as the reported method by using a micromanipulator (Eppendorf, Germany).[@bib26] The embryos were kept in embryo culture medium (Vitrolife, Sweden) for 3 days. Then the whole embryos were collected for experiments, or the blastomeres were obtained from these embryos with the acidic Tyrode's solution (Solarbio, Beijing, China) before use.

Whole-Genome Amplification of Single Embryos {#sec4.5}
--------------------------------------------

The collected embryos and blastomeres were amplified using Discover-sc Single Cell Kit (Vazyme, N601-01). The product was diluted 100-fold before it was used as the template to amplify the target sites.

Deep Sequencing of On-Target and Off-Target Sites {#sec4.6}
-------------------------------------------------

The off-target sites for *TTR* and *RPE65* were predicted by using three reported softwares (<https://zlab.bio/guide-design-resources>; <https://crispr.cos.uni-heidelberg.de/>; <http://www.rgenome.net/cas-offinder/>)[@bib21], [@bib22], [@bib23]. The on-target and off-target sites for the edited embryos ([Table S1](#mmc1){ref-type="supplementary-material"}) were amplified using super-fidelity DNA polymerase (Vazyme, p505). The purified PCR products were submitted to sequencing using Hiseq X-10 (2 × 150) platform at CAS-MPG Partner Institute for Computational Biology Omics Core, Shanghai, China. The deep sequencing data were processed using the Burrows-Wheeler Aligner-maximal exact matches (BWA-MEMs) algorithm. The column diagram about the editing efficiency was produced using GraphPad.

Whole-Genome Sequencing for the Off-Target Detection {#sec4.7}
----------------------------------------------------

To comprehensively analyze the off-targets induced by ABE in human embryos, whole-genome sequencing was performed with a depth of 30×--40× using an Illumina HiSeq X Ten (2 × 150 paired end \[PE\]) at HuaGen Biotech Institute, Shanghai, China. BWA version (v.)0.7.16 was used to map the sequencing data with a human reference genome (GRCh38/hg38). Sequence reads were marked for duplicates using Sambamba v.0.6.7 and realigned using Genome Analysis Toolkit (GATK, v.3.7) IndelRealigner. Variants were identified by GATK HaplotypeCaller, and we evaluated the quality using GATK VariantFiltration. The putative off-target sites were obtained from Cas-OFFinder software, with up to 5 mismatches and equal or less than one DNA or RNA bulge. To figure out the potential off-target sites, A to G was picked out. The common SNPs between the edited and control embryos were discarded.

Data Availability {#sec4.8}
-----------------

All the deep sequencing data can be viewed in the National Omics Data Encyclopedia (NODE) (<https://www.biosino.org/node/>) by pasting the accession (OEP000192) into the text search box or through the URL <https://www.biosino.org/node/project/detail/OEP000192>. The whole-genome sequencing data have been deposited in the NCBI Sequence Read Archive database (SRA: PRJNA480397).
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